Objectives. To investigate changes in neutrophil count and occurrences of infection in RA patients treated with the IL-6 receptor-a inhibitor tocilizumab (TCZ).
Introduction
In RA, neutrophils are involved in inflammation through the release of cytokines and chemokines that regulate the function of other immune cells, the upregulation of expression of plasma membrane receptors (e.g. MHC class II antigens), cellcell interactions (e.g. NK cell activation) and the release of proteases that activate or deactivate cytokines and chemokines [1] . Activated neutrophils are a major source of soluble IL-6Rs, which initiate trans-signalling in other immune cells that do not constitutively express IL-6R; this is a central process in chronic inflammation [14] .
It remains unclear whether IL-6 has an effect on neutrophil kinetics; preclinical and ex vivo studies have provided conflicting results [57] . IL-6 induces neutrophil demargination and release from the bone marrow marginal pool in vivo [8] . Preclinical studies suggest that a reduction in neutrophil count with the IL-6R-a inhibitor tocilizumab (TCZ) may result from increased margination of circulating neutrophils into the bone marrow rather than from the drug-induced neutropenia observed with myelotoxic drugs [810] .
TCZ is a recombinant, humanized, anti-human IL-6R mAb that binds to soluble and membrane-bound IL-6R-a and inhibits IL-6 signalling pathways [11, 12] . Decreased neutrophil counts have been reported in trials of TCZ in RA patients [13, 14] . Blocking IL-6 signalling with TCZ is associated with transient neutropenia, but ex vivo findings show this does not directly affect neutrophil functions associated with host defence [7] .
An analysis of long-term safety data from TCZ phases 3 and 4 trials was performed to assess changes in neutrophil count in RA patients treated with TCZ, to determine whether decreased neutrophil count was associated with increased risk for infection, to investigate baseline covariates that may be associated with reduction in neutrophil count and to review responses to the current risk mitigation guidance for decreased neutrophil count in patients receiving TCZ.
Patients and methods

Patient populations
Patients were included from the i.v. TCZ long-term extension (LTE) all-exposure and pooled placebo-controlled populations. The LTE all-exposure population included all patients who received 51 dose of TCZ 4 or 8 mg/kg and had at least one post-randomization safety assessment in five phase 3 studies [1519] and their LTEs, patients who received 8 mg/kg TCZ in a phase 4 study [14] and 23 patients who received a single dose of TCZ 10 mg/kg in a clinical pharmacology study (and had the option to enrol in an LTE) [20] . Data were analysed from initial TCZ infusion (baseline) through 2 May 2012. For some analyses, patients from the LTE all-exposure population were grouped as having anti-TNF inadequate response (aTNF-IR) [17] or DMARD inadequate response (DMARD-IR) [15, 16, 19] or as MTX naïve (subset of patients who had never received MTX) [18] . Patients in the phase 3/4 studies were randomly assigned to TCZ 8 mg/kg ± DMARD, TCZ 4 mg/kg + DMARD or placebo + DMARD every 4 weeks. All patients in the LTEs received open-label TCZ 8 mg/kg ± DMARD, which could be temporarily interrupted and reduced to 4 mg/kg, if needed, for risk mitigation. The pooled placebo-controlled population included patients who received placebo or TCZ during the double-blind, placebo-controlled phase of each phase 3 study [1519] . All studies from which data were taken were approved by the ethics committees for each participating site and complied with the principles of Good Clinical Practice and the Declaration of Helsinki. All patients provided written informed consent.
Assessments
Grades of neutrophil decreases were assessed according to the Common Toxicity Criteria for Adverse Events, version 3.0 [20] . Adverse events (AEs) and serious AEs (SAEs) were reported using the Medical Dictionary for Regulatory Activities, version 15.0. Rates of AEs and SAEs around events of neutrophil count decreases were examined. These were defined as AEs or SAEs that occurred within 30 days before or after the worst laboratory result indicative of grade 1/2 or 3/4 neutropenia. Neutrophil counts were performed every 4 weeks in the placebo-controlled studies or every 8 or 12 weeks in the LTEs. Protocoldefined TCZ dose modifications within the study protocols were reflective of risk mitigation recommendations in the USA and European labels [21, 22] such that TCZ was interrupted if absolute neutrophil count (ANC) was <1.0 Â 10 9 /l and discontinued if ANC was <0.5 Â 10 9 /l.
Statistical analyses
Baseline was defined as the day of first TCZ infusion. AE rates were expressed per 100 patient-years (PY) of exposure with 95% CIs. 
Results
Patients
The LTE all-exposure population included 4171 patients, providing a total duration of 16 204.8 PY of TCZ exposure. The pooled placebo-controlled population included 4098 patients; 1454 received placebo + DMARDs and 2644 received TCZ ± DMARDs. Baseline characteristics in the LTE all-exposure population were similar in the three patient groups, with exceptions as expected for each patient population; they were also similar between placebo-and TCZ-treated patients in the placebo-controlled pooled population (supplementary /l) and remained stable thereafter (Fig. 1) . In the LTE allexposure population, similar proportions of DMARD-IR, aTNF-IR and MTX-naïve patients experienced all grades of neutrophil count, except for grade 2, which was reported in 12.1% of aTNF-IR patients, 19.1% of DMARD-IR patients and 20.1% of MTX-naïve patients (Table 1) . Grade 3/4 neutrophil counts were experienced by 6% of DMARD-IR and aTNF-IR patients and by 7% of MTXnaïve patients; most (4.76.7%) were grade 3. In the placebo-controlled pooled population, greater proportions of patients treated with TCZ than with placebo + DMARDs experienced all grades of neutrophil count (Table 1) .
Most patients who experienced grade 3/4 neutrophil counts did so on only a single visit, two consecutive visits or non-consecutive visits (90.0% of TCZ-treated patients in the placebo-controlled pooled population and 93.9, 88.9 and 83.3% for DMARD-IR, aTNF-IR and MTXnaïve LTE patients, respectively; Table 2 ).
Logistic regression analysis of grade 3/4 neutrophil count vs baseline characteristics demonstrated that baseline neutrophil count and gender were significantly associated with the occurrence of grade 3/4 neutrophil count at any time in the LTE all-exposure population (P < 0.0001 and P = 0.0022, respectively). Patients with baseline neutrophil counts <2 Â 10 9 /l were 19 times more likely to experience grade 3/4 neutrophil counts than patients with baseline neutrophil counts 52 Â 10 9 /l [odds ratio (OR) = Table S4 , available at Rheumatology Online).
In the LTE all-exposure population, recovery to normal neutrophil levels was shorter for patients who stopped TCZ than for those who did not. Time to recovery was longer after grade 3/4 neutrophil count than after grade . Grade 1/2 neutrophil counts of 172 patients were recorded as not having returned to normal because no neutrophil counts were taken after the last grade 1/2 episode. Of the 26 patients whose grade 3/4 counts did not return to normal, 16 patients had no further neutrophil data because they were lost to follow-up or reached the end of the study, and 10 patients' counts improved to grade 1/2 at the last measurement.
Infections and serious infections
In the pooled placebo-controlled population, there were no serious infections around grade 3/4 neutrophil counts for placebo-treated or TCZ-treated patients and no Percentages are based on overall N unless n is shown. Data are n (%), where n = number of patients who experienced the CTC grade for neutrophil count as their worst event. Grade 1 neutrophil count is defined as ANC < lower limit of normal to 1. Number of patients within neutrophil grade after baseline. Consecutive indicates laboratory samples that follow from each other. Non-consecutive indicates patients who have grade of neutrophil counts on 51 non-consecutive visit. Categories are mutually exclusive-patients were included in their worst post-baseline category, with worst category considered highest number of consecutive visits, followed by non-consecutive visits, then single visit. Grade 1 neutrophil count is defined as ANC < lower limit of normal to 1.5 Â 10 In the LTE all-exposure population, the overall rate of serious infection was low across all populations (Table 4) . Rates of infection and serious infection were highest in aTNF-IR patients, reported at 144.07/100 PY (95% CI: 138.3, 150.0) and 6.26/100 PY (95% CI: 5.1, 7.6), respectively. The most common serious infections in the LTE allexposure population were pneumonia (0.68/100 PY, 95% CI: 0.56, 0.82) and cellulitis (0.52/100 PY, 95% CI: 0.41, 0.64). In all three groups in the LTE all-exposure population, rates of infection and serious infection around normal, grade 1/2 and grade 3/4 neutrophil counts were generally similar, with no consistent patterns across treatment groups. The rate of all infections was generally highest in aTNF-IR patients across all grades of neutrophil count, consistent with the overall higher infection rate in these patients. Rates of infection and serious infection occurring around grade 3/4 neutrophil count were low and did not show any particular pattern around treatment groups; however, the duration of TCZ exposure was also low. Two events of serious infection occurring around grade 3/4 neutrophil count were reported: empyema in a DMARD-IR patient (occurring within 30 days after the grade 3/4 neutrophil count) and pneumonia in an MTXnaïve patient (occurring before the grade 3/4 neutrophil count). No serious infections around grade 3/4 neutrophil count were reported in aTNF-IR patients. Analysis of serious infections in patients who had grade 3/4 neutrophil counts at any time indicated no serious infections occurred in the LTE all-exposure population other than in the two patients identified, who had grade 3/4 neutrophil counts within 30 days of serious infection.
Discussion
As reflected in the USA and European labels [21, 22] , the proportion of patients with reduced neutrophil counts (all grades) in the pooled placebo-controlled population was greater in TCZ-treated patients than in placebo-treated patients. Most patients who experienced reduced neutrophil counts did so during a single visit, two consecutive visits or non-consecutive visits. The fact that a minority had grade 3/4 neutrophil counts on 53 consecutive visits indicates that risk minimisation measures required in the clinical development programme were effective.
Overall, patients treated with TCZ in the LTE all-exposure population had initial decreases in mean neutrophil levels that remained within the normal range thereafter, and the rate of neutrophil levels over time remained unchanged. There was some evidence of greater incidence of grade 2 or 3 neutrophil counts in the LTE allexposure population compared with TCZ-treated patients in the pooled placebo-controlled population, likely because of the relative proportions of patients in each population who received TCZ for the first time and because some patients switched from 4 mg/kg in the placebocontrolled studies to 8 mg/kg in the LTE studies. Approximately 40% of patients evaluated received TCZ for the first time or switched from 4 to 8 mg/kg in the LTE studies. Data from subcutaneous administration of TCZ have also demonstrated decreases in neutrophil levels to an equal or lesser extent than observed with intravenous administration [23, 24] .
The serious infection rate was low across all groups in the LTE all-exposure population, but was higher in aTNF-IR patients than in DMARD-IR and MTX-naïve patients. This pattern was also observed for all infections and likely reflects the greater disease burden and cumulative use of immunosuppressive treatments in aTNF-IR patients. The rate of serious infection was stable over time in the LTE all-exposure population, as previously reported [13, 25] . Rates of serious infection observed in the LTE allexposure population were similar to published rates in LTEs and registries for RA patients treated with aTNFs [2629] .
The occurrence of serious infection in patients treated with TCZ does not appear to be associated with reduced neutrophil counts. In the pooled placebo-controlled population, no serious infections occurred around grade 3/4 neutrophil counts. However, the duration of exposure to TCZ (16.86 PY) was low around grade 3/4 events. Furthermore, the all-infection rate in the TCZ-treated patients around grade 3/4 neutrophil counts was generally similar to that around grade 1/2 counts. In the LTE allexposure population, rates of serious infection were similar around normal neutrophil counts, grade 1/2 counts and grade 3/4 counts, suggesting no association of serious infection with reduction in neutrophils, because the rates www.rheumatology.oxfordjournals.org around grade 3/4 were driven by only two serious infection events. The rate of all infections around all neutrophil count categories was generally lower in the LTE allexposure population than in the pooled placebocontrolled population, perhaps because patients with acceptable tolerability were more likely to continue TCZ treatment in the LTE or because of less frequently scheduled neutrophil count testing in the LTE studies than in the placebo-controlled studies. These analyses were limited by the frequency of laboratory assessments in the studies (i.e. neutropenia might have occurred at any time within 30 days before the actual assessment, but the value included came only from samples collected at patient visits). To account for this, a ±30-day window around each visit was used.
The mechanism of the decreased neutrophil counts with TCZ is unknown. In a primate model of arthritis managed with TCZ, the absence of bone marrow myeloid hyperplasia or hypoplasia when ANC was reduced and the lack of neutrophil morphological abnormalities strongly suggested that neither peripheral sequestration nor incomplete granulopoiesis was the underlying mechanism of the reduced circulating neutrophils [30] . A recent study [7] of neutrophil function and survival, which included RA patients treated with TCZ in an open-label, phase 4 trial, demonstrated that TCZ treatment did not have a direct effect on neutrophil functions, including apoptosis, phagocytosis, respiratory burst, chemotaxis or expression of adhesion molecules. In vitro evidence suggests that IL-6 increases circulating neutrophils by releasing them from marginated pools in bone marrow [8] . Thus, TCZ may potentially reverse this effect. Neutrophil counts were elevated in a monkey model of arthritis and were rapidly increased by the administration of IL-6, a kinetic effect suggestive of migration of neutrophils from the marginal pool to the circulation. The increase in neutrophils was inhibited by TCZ [9] . Furthermore, IL-6 administration resulted in reduced neutrophil expression of the adhesion molecule CD162 (involved in margination of neutrophils) by IL-8 and granulocyte macrophagecolony-stimulating factor; TCZ decreased IL-8 and GM-CSF levels and could reverse the IL-6mediated inhibition of CD162 expression, further supporting the hypothesis of TCZ-induced margination of neutrophils [9] . A study to determine the effects of TCZ on neutrophil kinetics was recently completed, and results are expected soon (ClinicalTrials.gov, NCT01991990).
A population pharmacokinetics/pharmacodynamics model of neutrophil time course suggested that with higher TCZ exposures, neutrophil counts reach a trough, with no further decreases (supplementary Fig. S1A and S1B, available at Rheumatology Online). The exposuredependent effect on neutrophil decreases did not result in an increased incidence of grade 4 neutrophil counts, consistent with findings from TCZ clinical trials (supplementary Table S5 , available at Rheumatology Online).
Multivariate logistic regression analysis indicated that female gender and baseline neutrophil count <2 Â 10 9 /l were significantly associated with the occurrence of grade 3/4 neutrophil count, whereas the association of baseline oral CS use approached significance (P = 0.0517). In the current prescribing information, TCZ initiation is not recommended if the baseline neutrophil count is <2 Â 10 9 /l [21, 22] , based on previous observations in the TCZ clinical trial programme. Results of the multivariate regression analysis are consistent with the retrospective cohort analysis of aTNFs, which showed that baseline neutrophil count was a significant independent predictor of neutropenia after aTNF therapy [31] . Although observational data demonstrate that female RA patients have more severe disease than male RA patients and are more likely to be treated with DMARDs and aTNFs [32] , this may not explain the current results in which female gender was associated with grade 3/4 neutrophil count independently of disease status or co-medication parameters included in the analysis. In addition, previous pharmacokinetic analyses found no clinically relevant difference in TCZ exposure between male and female RA patients (unpublished data, Roche Products Ltd, 2007). It may be that a covariate not included in the current analysis or the heavy gender imbalance in RA ($80% female in the current analysis) influenced the results. Most decreased neutrophil counts returned to normal during study participation. Moreover, the time to normalization was shorter for patients who stopped TCZ than for those whose doses were not modified. These data highlight the importance of neutrophil monitoring and risk mitigation in patients treated with TCZ. Consistent with the data presented here and the risk mitigation strategies outlined in current US [21] and European [22] labels, TCZ should not be initiated in patients with ANC <2.0 Â 10 9 /l, and neutrophils should be monitored during TCZ treatment in accordance with label recommendations, with dose interruption recommended for ANC 0.51.0 Â 10 9 /l and discontinuation of TCZ for ANC <0.5 Â 10 9 /l.
Conclusion
Results from this pooled analysis of TCZ clinical trial and LTE data demonstrate that a small proportion of patients had grade 3/4 neutrophil counts with TCZ treatment and that, consistent with label recommendations, low baseline neutrophil count is the strongest predictor of grade 3/4 neutrophil count. Neutrophil decreases typically occur on one visit or two consecutive visits. Although infections may develop in patients during TCZ treatment, no temporal relationship between decreased neutrophil count and serious infection has been observed to date. Overall, patients treated with TCZ who experience decreased neutrophil counts do not appear to be at increased risk for infection compared with those who do not experience such decreases. The risk mitigation strategy of dose interruption is effective in addressing neutrophil decreases. Investigation of the mechanisms of TCZ-induced decreases in neutrophils is ongoing.
